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Complete 13C assignments for recombinant Cu(I) rusticyanin 
Prediction of secondary structure from patterns of chemical shifts 
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Abstract Complete resonance assignments for the ~sC spectrum 
of reduced (Cn(I)) rusticyanin have been made using 13C,~SN 
doubly labeled recombinant material. The reported assignments 
include those for the earboxyl and carbonyl carbon atoms and 
protonated aromatic ring carbons, and were obtained using a 
variety of 2- and 3D inverse-detected NMR experiments, includ- 
ing 13C,ISN,IH triple resonance experiments and HCCH-COSY 
and -TOCSY. Backbone carbonyl assignments were obtained 
using 3D HNCO and HCACO spectra, and modified versions of 
2D H(CA)CO and HMBC spectra were used to obtain side-chain 
carboxyl carbon and methionine z-methyl carbon assignments, 
respectively. A comparison of the 13C~, ~5C° and 13CO chemical 
shifts with published 'random coil' values confirms the conclusion 
reached from a consideration of the 3JnN ~ coupling constants and 
the pattern of sequential NOEs, that the protein consists largely 
of B-structure. 
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I. Introduction 

Rusticyanin is a Type I copper protein of unknown structure 
obtained from the iron-oxidizing bacterium Thiobacillus fer- 
rooxidans, which occurs in acid mine drainage [1]. The organ- 
ism can metabolize both elemental sulfur and metal sulfides; 
under conditions where the oxidation of Fe z+ is the principal 
source of electrons for metabolism, rusticyanin may constitute 
up to 5% of the total protein in the cell [2]. One of the by- 
products of the oxidation of metal sulfides by Thiobacillus is 
sulfuric acid, and the organism shows a preference for pHs 
lower than 4.0, consistent with the lower rates of Fe 2+ autoxida- 
tion at acid pH. Rusticyanin forms part of the initial electron 
transfer chain from Fe 2+ (though it is probably not  the initial 
electron acceptor [3]) and is found in the periplasm of the cell. 
The pH opt imum for stability of rusticyanin is therefore close 
to the acidic conditions of the external medium, rather than the 
neutral pH of the interior of the cell. One of the interesting 
questions about  rusticyanin is the source of the stability of the 
copper site under acidic conditions. For  almost all Type 1 
copper proteins the copper is labile under  these conditions, due 
to protonat ion of one or both of the histidine ligands [4]. Unu-  
sual copper ligands can apparently be ruled out, since rusticy- 
anin appears to contain the classic Type 1 copper site (His2 Cys 
Met) [5,6]. It therefore appears that the structure of the protein 
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and details of the local geometry of the copper mediate the 
stability of the copper site under  acidic conditions. Structural 
and dynamic information on this protein obtained using N M R  
measurements can be used to probe this process. 

Assignment of the ~H and 15N N M R  spectra of reduced 
(Cu(I)) rusticyanin has been largely completed using ~SN-la- 
beled protein obtained from Thiobacillus [5]. Excellent yields of 
protein uniformly labeled with ~3C and ~SN have been obtained 
from the over-expression in Escherichia coli of a synthetic gene 
[6]. We here report the assignment of the complete t3C spectrum 
of rusticyanin, obtained from 3-dimensional heteronuclear and 
triple-resonance spectra. The data provide an excellent example 
of the correlation of chemical shifts with secondary structure, 
as judged from inter-residue NOE connectivities and 3JrtNa cou- 
pling constants. 

2. Materials and methods 

Recombinant rusticyanin uniformly labeled with 13C and ~SN was 
obtained using M9 minimal medium as described previously [6], with 
the addition of 2 g/1 o-glucose uniformly labeled with ~3C in place of 
the unlabeled glucose previously used. A yield of pure protein of 
50 mg/litre of medium was obtained. 

The doubly-labeled recombinant protein was purified and prepared 
for NMR spectroscopy as previously described [6]. The molecular 
weight of the purified copper-containing protein was 17,557 Da by 
electrospray mass spectrometry, indicating a level of incorporation of 
t3C of >99% assuming 100% incorporation of ~SN. Samples were rou- 
tinely used between 2 and 5 mM in 1 mM H2SO4, pH 3.4. 

NMR spectra were acquired on Bruker spectrometers operating at 
500 and 600 MHz for protons. 13C HSQC and constant-time HSQC [7] 
spectra were obtained using combined States-TPPI quadrature detec- 
tion, with a spectral width of 12.5 ppm (6,250 Hz) and 1,024 complex 
points in o92 (~H), and 80.5 ppm (10,060 Hz) and 256 complex points 
in c0t(x-~C). A 2D H(CA)CO experiment [8] with spectral widths 10.4 
ppm (6,250 Hz) and 2,048 complex points in o) 2 (IH) and 41.4 ppm 
(6,250 Hz) and 512 complex points in o)~ ¢3CO) was acquired using 
TPPI quadrature detection. An internal reference of dioxane (singlet 
resonance at 3.75 ppm from DSS) was used for proton chemical shifts, 
and carbon chemical shifts were indirectly referenced according to the 
method of Live et al. [9], using a ratio of 0.25145002. 

Three-dimensional heteronuclear-correlated spectra of samples dis- 
solved in 2H20 were used to assign the aliphatic L3C resonances of 
rusticyanin. Both HCCH-COSY [10] and HCCH-TOCSY [11] spectra 
were utilized, with spectral widths of 12.5 ppm (6,250 Hz,) and 1024 
complex points in °)3 (~H), 7 ppm (3,500 Hz) and 120 complex points 
in o)~ (~H) and 40 ppm (5,030 Hz) and 44 (HCCH-COSY) or 50 
(HCCH-TOCSY) 13C planes in o92. The carbon dimension was folded 
for maximum digital resolution. 

Three-dimensional triple-resonance spectra were acquired, including 
HBHA(CO)NH [12], CBCA(CO)NH [12,13] and C(CO)NH-TOCSY 
[14]. Spectral widths for these spectra were 8 ppm (4,000 Hz), with 1024 
complex points in o) 3 ell), 30 ppm (1,520 Hz) with 32 complex points 
in o) 2 (tSN) and 70 ppm (8,803 Hz) and 40 (CBCA(CO)NH) or 51 
(C(CO)NH-TOCSY) complex points in o9~ ¢3C). The spectral width 
was 6.5 ppm (3251 Hz) in o)~, with 64 complex points for the 
HBHA(CO)NH spectrum. These spectra were acquired using semi- 
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constant time in w]. The backbone carbonyl carbon assignments were 
made using a 3D HNCO spectrum [15] (constant-time in w~ and semi- 
constant-time in co;) acquired with spectral widths 12.5 ppm (6,250 Hz) 
and 1,024 complex points in o) 3 (~H), 20 ppm (2,514 Hz) and 64 complex 
points in o)2 (~CO) and 40 ppm (2,026 Hz) and 24 complex points in 
(o~ (]SN). The 3D HCACO spectrum [8] was acquired with spectral 
widths 5.0 ppm (2,500 Hz) and 1,024 complex points in to 3 (]H), 19.9 
ppm (2,500 Hz) and 32 complex points in (o2 (]30~) and 40 ppm (2,500 
Hz) and 32 complex points in o)] (]300) A modification of the 
H(CA)CO experiment was used [16,17] to determine the assignments 
of the carboxyl carbon atoms of Asp, Glu, Asn and Gln. Assignments 
of all proton-attached aromatic carbons were made using an HSQC 
spectrum where the offset frequency had been shifted to optimize for 
excitation of aromatic carbon and proton frequencies. Data sizes and 
spectral widths were the same for this spectrum as for all other HSQC 
spectra (see above), and the ~30 carrier frequency was set to 140 ppm. 
The e-methyl carbon resonances of the methionine residues were as- 
signed using a modified version of the HMBC experiment [18] opti- 
mized for the detection of long-range coupling through sulfur, with 
spectral widths of 12.5 ppm (6,250 Hz) and 1,024 complex points in co 2 
(H  ~) and 65 ppm (8,170 Hz) and 64 complex points in ~o~ (~30~). 

All spectra were Fourier transformed and analyzed using either a 
modified version of the FTNMR software provided by Dr. Dennis 
Hare, FELIX 2.3 (Biosym Technologies) or the NMR-TRIAD soft- 
ware from Tripos, Inc. 2D spectra were commonly zero-filled to give 
2,048 x 2,048 real matrices, while the 3D spectra generally contained 
64 planes of 1,024 x 1,024 real data points. Baseline corrections were 
applied when necessary, and a low-pass filter was used to remove the 
residual water resonance in the triple-resonance experiments. 

3. Results and discussion 

3.1. Resonance assignments 
Triple-resonance and HCCH-TOCSY experiments were the 

most useful in determining aliphatic ]30 resonance assignments 
for rusticyanin, and the process was assisted by the availability 
of nearly-complete proton and ]~N resonance assignments [5]. 

~430¢ 

. ~1~ + O ~ o ,  P129~ 
o o U I ~  o I 

% 0  1 e ~'*~°~0 Q I A68cc 
e O0~ e ~  I 0 $112(x 

Y122et ~) 'ql~gTl~ I) 
~1~lj I ~  • = 0 P94O~ 
~"t  ~ O ~'~;~i~ ~ L $112J~ 

Q ~ V15c~ 

T23J3 ' ' ~ 1 ( ~ .  ¢ 

T109[~ t T301] 

H128[30 M 9 9 ~ o  1~V747 

' ° 6 °o  
• oO.o - 

0 ~ o o 

0 ~ 1 ~  ~ ~ .~ F87~B 

" , " ~  ~ o o -o 

610 410 210 0.10 

(1) 2 (1H) ppm 

10,0 

20.0 

30.0 

(1) 1 
40.0 (130) 

ppm 
50.0 

60.0 

70.0 

Fig. 1. 500 MHz ]30 HSQC spectrum of Cu(1) rusticyanin. Selected 
resonances have been labeled. 
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Fig. 2. 500 MHz HMBC spectrum modified to show long-range connec- 
tivities between the C y and C~H3 resonances of the three methionine 
residues in rusticyanin. 

The triple-resonance experiments also served to confirm the 
sequential assignments, which had relied heavily on inter-resi- 
due NOEs. For  a fl-sheet protein such as rusticyanin, there is 
a risk in using only NOEs to establish sequential connectivities, 
since the d~y(i,i + 1) NOE is almost the only connection be- 
tween spin systems; overlap in the C~H region can produce 
unacceptable ambiguities. Since ]~C-labeled rusticyanin was not 
available at that time, the ~H and ]SN assignments were con- 
firmed using an 15N relayed-NOE experiment [5]. The present 
work demonstrates the validity of this approach: all of the 
sequential assignments made on the basis of the NOE and 
relayed-NOE data have now been confirmed by triple-reso- 
nance spectra. 

The dispersion of the ]3CJH HSQC spectrum is excellent, as 
shown in Fig. 1. The assignment of aliphatic 130 atoms with 
protons attached was achieved by a combinat ion of informa- 
tion from CBCA(CO)NH and C(CO)NH-TOCSY spectra and 
from HCCH-TOCSY and HCCH-COSY spectra. The C~H3 
assignments for the methionine residues were made using a 
modified HMBC spectrum [18] which directly correlates the 
methyl protons with the C r carbon, as shown in Fig. 2; the C ~ 
assignment was then obtained from the ~3C-]H HSQC spec- 
trum. Aromatic proton-attached ~30 assignments were made 
from an HSQC spectrum centered on the aromatic region: 
overlap is quite severe in some parts of this spectrum, due to 
the large number  of Phe residues. 

The only ~30 assignments made for carbon atoms without 
directly-bonded protons were those of the backbone carbonyl 
carbons (made using 3D HNCO and HCACO spectra) and of 
the carboxyl carbons of Asp and Glu and the carboxamide 
carbons of Asn and Gln, which were made using a 2D modified 
H(CA)CO experiment that correlates the carboxyl carbon with 
the next-door methylene protons, either C~H or CYH [16,17]. 
With the exception of Gly ], the C~H-CO correlations of glycine 
residues were absent from a normal 2D H(CA)CO spectrum, 
and several were missing from the 3D HCACO spectrum. How- 
ever, as shown in Fig. 3, these resonances were present as strong 
cross peaks in the modified H(CA)CO spectrum used to assign 
the side chain carboxyl carbons, most likely due to the similar- 
ity of the t~C resonance frequencies of the glycine C ~ and the 
aspartate/asparagine C ~. This is confirmed by the identification 
of several cross peaks in the spectrum that arise from backbone 
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Fig. 3. Portion of the modified 2D H(CA)CO spectrum used to assign side chain carboxyl and carboxamide carbon resonances and to confirm the 
backbone CO assignments for the glycine residues. Connectivities for the glycine residues and for selected side chains are labeled; the remaining side 
chain cross peaks are of lower intensity. Cross peaks labeled in parentheses and unlabeled cross peaks arise from other backbone H(CA)CO 
connectivities where the C ~ chemical shift falls within the excitation profile for this experiment. 

H(CA)CO connectivities for other residues such as Ala 6s, Ala 17 
and Asp 29 whose C a resonances are at relatively high field. 
Assignments were made for all but two of the the backbone 
carbonyl resonances. The backbone CO assignments for the 
residues preceding the 14 prolines were not available from the 
HNCO spectrum, but could in most cases be obtained un- 
ambiguously from the 3D HCACO spectrum. The two excep- 
tions are Leu ~2 and His 128. The ]30 assignments for all residues 
are shown in Table 1. 

3.2. I H assignments fi~r proline residues 
Although all of the backbone resonances with attached pro- 

tons had been assigned previously using LSN spectra [5], a num- 
ber of tH resonances remained unassigned, including those of 
the proline residues, which are not usually accessible in ~SN 
spectra because they have no amide proton. Complete 130 as- 
signments were obtained from the CBCA(CO)NH and 
C(CO)NH-TOCSY spectra for all of the proline residues in 
rusticyanin except for Pro 94, which is followed by another pro- 
line, and IH assignments for the C~H and CPH were obtained 
unambiguously from the HBHA(CO)NH experiment. The re- 
maining resonance assignments were completed using the 
HSQC and HCCH-TOCSY experiments. A summary of the 'H 
assignments of the proline residues is shown in Table 2. It is 

noteworthy that several of the I H r e s o n a n c e s  are highly upfield- 
shifted; this is probably due to ring-current effects from tightly- 
packed aromatic residues close to the copper site. These obser- 
vations are probably significant with respect to the relationship 
between structure and function in rusticyanin. Several of the 
proline residues show evidence of a cis configuration of the 
X-Pro peptide bond. For example, the Phe 5~-Pro 52 peptide bond 
is most likely cis, shown not only by the values of the ~30 
chemical shifts for Pro 52 (Table l) but also by the presence of 
an NOE between the C~H protons of the two residues. At 
present, we can define 6 prolines as trans on the basis of 
d~(i,i + l) NOEs (residues 47, 50, 67, 100. 113 and 129), two 
others as likely to be trans (residues 94 and 141) and two as 
definitely cis on the basis of d~(i,i + l) NOEs (residues 52 and 
95). The isomerization states of the remaining three residues are 
still undefined, due to resonance overlaps and lack of visible 
NOE conuectivities. It is interesting to note that the two cis- 
prolines are preceded by residues, Phe and Pro, that are known 
to have a propensity for the formation of cis-proline in unstruc- 
tured peptides in solution [19,20], and further that other Phe- 
Pro sequences are among those that are trans. The formation 
of cis peptide bonds in proteins appears to be highly dependent 
on the protein structure and only secondarily on the actual 
sequence. 
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Residue CO C ~ C ~ C r C ~ Other 

Gly I 168.4 40.7 
Thr 2 172.6 59.3 67.3 19.4 
Leu 3 174.5 51.7 40.1 24.4 20.2(0.43),21.9(0.56) 
Asp 4 173.8 49.9 34.6 174.2 
Thr ~ 171.4 57.3 66.2 18.2 
Thr 6 171.1 59.0 67.3 19.3 
Trp 7 173.8 53.6 29.1 
Lys 8 172.7 51.9 32.9 23.3 26.9 
Glu 9 174.2 52.1 29.6 30.1 177.9 
Ala ~° 175.4 47.5 21.3 
Thr ~l 174.0 57.9 68.0 19.5 
Leu 12 57.7 36.4 24.7 22.7(0.95),19.5(0.71) 
Pro ~3 178.4 63.7 28.5 26.2 46.7 
Gin j4 177.2 55.8 26.0 31.7 176.9 
Val ~5 175.5 64.5 29.2 17.8(0.49),21.2(0.70) 
Lys I~' 177.0 57.4 29.5 23.0 26.9 
Ala t7 179.0 51.9 15.2 
Met ~a 177.3 57.4 31.6 30.3 
Leu 19 178.2 55.6 38.9 24.1 20.1 (0.60),24.0(0.70) 
Glu 2° 174.2 53.6 25.9 30.5 178.8 
Lys 21 173.6 53.0 29.0 22.4 26.3 
Asp 22 176.6 52.5 41.5 176.9 
Thr 23 173.5 59.6 66.4 20.2 
Gly 24 169.7 42.1 
Lys 25 174.4 51.5 32.3 22.5 26.6 
ga126 174.6 59.9 30.7 19.3(0.91), 19.9(0.80) 
Set 27 173.3 54.6 60.9 
Gly -'s 172.2 44.9 
Asp 29 172.4 50.3 37.2 177.2 
Thr 3° 171.2 58.4 69.3 19.4 
Val 3' 172.6 59.1 30.4 18.9(0.35),17.7(0.64) 
Thr 32 172.0 59.6 67.2 19.2 
Tyfl 3 172.0 55.0 37.8 
Ser 34 170.9 54.7 63.1 
Gly 35 170.9 41.1 
Lys 36 175.6 55.3 30.7 22.7 26.3 
Thr 37 171.8 58.2 67.8 19.1 
Va138 170.8 57.1 32.4 19.7(0.49), 18.4(0.52) 
His 39 170.4 49.5 27.8 
VaP ° 173.8 58.2 31.7 16.8(0.58),16.9(0.15) 
Wal 4j 171.9 59.0 3 0 . 1  16.0(0.31),19.0(0.60) 
Ala 4-" 172.9 46.5 21.1 
Ala 43 174.9 46.5 20.4 
Ala 44 171.7 48.4 17.9 
Val 4s 172.8 60.4 26.5 19.0(0.84),20.6(0.78) 
Leu 46 174.1 51.0 39.2 24.7 23.0(0.61),20.8(0.71) 
Pro 47 175.9 61.8 29.4 25.5 47.3 
Gly 4s 172.6 42.2 
Phe 49 172.1 54.2 35.2 
Pro s° 174.1 59.9 30.2 25.3 48.1 
Phe 51 171.8 51.1 38.8 
Pro s-, 171.4 60.6 28.0 20.8 46.6 
Ser s3 168.7 56.1 62.2 
Phe s4 173.2 54.1 40.4 
Glu 5s 174.3 52.5 30.7 30.8 
Wa156 173.8 59.0 32.5 17.0(0.70),19.8(1.01) 
His s7 172.6 54.4 26.4 
Asp 58 171.0 52.3 36.6 177.1 
Lys s9 173.6 49.8 30.7 20.9 25.2 
Lys 6° 173.4 53.5 30.6 22.2 26.9 
Asn 61 170.3 51.1 36.2 175.1 
Pro 62 176.2 60.7 29.6 25.5 47.5 
Thr 63 171.8 59.8 66.8 19.8 
Leu ~ 174.1 50.4 39.3 24.7 20.6(0.62),21.9(21.9) 
Glu 6s 172.7 52.1 25.9 29.6 178.0 
lle 66 170.7 54.7 40.9 22.5 10.1 
Pro 67 174.6 59.6 29.7 25.2 48.9 
Ala 68 177.2 50.1 15.4 

120.1(C~),118.0(C~),119.6(C¢3), 121.2(C"),113.2(C ¢2) 
40.0 

39.4 

12.9 

39.7 

39.7 

131.1(C~),116.3(C ~) 

39.7 

117.7(Ca), 134. I(C ~) 

130.9(C ~),127.6(C ~),127.7(C ~) 

130.2(C~), 129.7(C~), 127.9(C ~) 

129.1(C6),132.0(C~),128.6(C ¢ ) 

117.5(C~),133.9(C ") 

39.4 
39.1 

14.3(CRH3) 
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Table 1 (continued) 

Residue CO C ~ C ~ C y C a Other 

Gly 69 172.3 42.7 
Ala 7° 175.6 49.3 16.8 
Thr  7~ 170.9 61.0 66.1 19.2 
Va172 172.2 57.6 30.1 18.7(0.53), 19.1 (0.35) 
Asp 73 172.2 49.3 35.9 174.3 
Val TM 173.4 58.5 28.9 17.9(-0.18),18.0(0.19) 
Thr  75 170.7 58.2 68.4 19.8 
Phe 76 171.5 51.8 39.2 
Ile 77 172.7 56.8 39.4 26.5 13.5 
Asn TM 173.8 49.4 36.1 177.7 
Thr  79 171.4 58.1 65.4 19.3 
Asn 8° 170.7 49.7 39.4 174.4 
Lys 8~ 176.1) 55.9 30.1 23.0 27.1 
Gly sz 171,6 42.8 
Phe 83 172,5 54.9 41.3 
Gly 84 173, l 44.7 
His 85 174,1 54.3 31.3 
Ser 86 167.7 54.6 66.4 
Phe 87 173.1 55.3 37.1 
Asp 88 169.7 50.4 39.4 174.0 
lle 89 172.4 57.9 35.2 25.3 9.8 
Thr  9° 170.5 56.1 67.5 17.7 
Lys 9~ 175.7 55.2 30.7 24.1 26.8 
Lys 92 173.7 53.6 29.6 21.1 25.8 
Gly 93 168.1 42.2 
Pro 94 172.4 57.5 28.1 22.5 46.2 
Pro 95 174.0 58.6 31.6 22.1 47.8 
Tyr 96 173.0 55.0 38.0 
Ala 97 175.4 48.0 17.3 
Wa198 173.9 65.4 28.4 18.5(0.88),20.2(1.00) 
Met 9~ 171.9 48.6 28.3 29.9 
Pro ~°° 174.3 61.0 29.9 24.4 48.1 
Val I°t 174.5 59.6 27.9 18.0(0.94),18.2(0.93) 
Ile "~2 173.3 57.2 37.5 21.9 12.1 
Asp 1°3 172.9 50.3 36.5 176.5 
Pro 1°4 173.5 59.3 31.4 22.5 47.9 
Ile "~s 175.2 59.3 35.5 25.3 10.6 
Val "~6 174.1 61.4 29.5 19.1 (1.09),18.2(1.03) 
Ala ~°7 172.3 48.7 18.6 
Gly 1°8 169.7 42.4 
Thr  1°9 176.6 57.7 69.8 18.6 
Gly ll° 172.4 41.4 
Phe I~1 174.5 57.3 35.4 
Set ~l-~ 169.2 53.6 60.3 
Pro 113 175.6 59.3 29.4 24.9 46.9 
Val TM 172.7 57.1 28.3 16.3(0.69), 18.4(0.66) 
Pro 1~5 174.6 61.5 29.4 24.9 48.9 
Lys 116 174.2 53.3 32.9 21.9 26.9 
Asp H7 173.0 51.8 35.2 174.1 
Gly 118 171.2 42.9 
t y s  119 173.4 51.4 32.4 22.7 26.6 
Phe 12° 173.6 54.0 38.7 
Gly TM 170.7 42.0 
Tyr I-~2 170.7 53.1 41.5 
Thr  123 168.2 57.0 65.9 17.1 
Asp TM 172.4 49.7 42.4 174.3 
Phe 125 170.6 53.7 37.9 
Thr  126 171.6 58.3 68.3 19.4 
Trp ~27 171.3 51.4 30.1 
His ~-'8 49.7 25.4 
Pro I-'9 175.7 59.7 29.5 23,0 47.5 
Thr  t3° 172.2 57.1 67.6 19,3 
Ala TM 175.4 50.8 16.1 
Gly L32 169.2 42.2 
Thr  13~ 171.6 59.9 67.5 19.2 
Tyr TM 169.8 52.4 40.4 
Tyr 135 172.7 54.3 39.7 
Tyr 136 172.5 50.5 37.6 
Va1137 171.9 57.2 34.1 18.7(0.32),18.5(0.39) 

129.0(C a), 132.2(C "),130.8(C ~) 
16.7(CRH3) 

39.0 

130.0(Ca),130.3(C~),129. I(C ~ ) 

119.5(Ca),135.5(C ") 

128.8(C a),128.5(C "),125.3(C c) 

15.4(CrH3) 

38.7 
39.7 

130.2(C a),116.8(C ':) 

14.1 

16.3(CRH3) 

15.4(CrH0 

129.7(Ca),129.5(C'),127.5(C; ) 

39.4 

40.0 
129.6(Ca), 127.7(C~),127.5(C; ) 

131.6(C a), 116.4(C ~ ) 

130.8(C a),127.9(C '),125.7(C ¢) 

123.9(Ca),116.4(C~),118.4(CC3), 122.1(C~),112.8(C c2) 
116.5(Ca),133.5(C') 

132.1(Ca),115.3(C" ) 
130.8(C a),l 15.0(C ~) 
130.9(C a),116.4(C ") 
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Table 1 (continued) 
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Residue CO C a C ~ C y C a Other 

Cys 138 175.6 55.6 32.1 
Oln  139 174.1 54.7 30.1 34.0 177.5 
Ile 14° 174.3 59.2 33.2 26.8 10.6 11.8(CrH3) 
Pro TM 175.1 62.5 29.0 25.2 48.8 
Gly T M  174.5 43.3 
His 143 175.7 57.4 27.3 114.1(C6),134.8(C e) 
Ala TM 179.4 53.6 13.8 
Ala 145 177.4 51.8 15.6 
Thr  146 172.3 58.3 66.5 19.4 
Gly 147 172.2 42.6 
Met ~48 169.7 53.6 27.4 35.0 15.6 
Phe 149 170.5 54.0 39.0 129.1 (C'~),129.5(C"),127.3(C ~" ) 
Gly t5° 168.6 41.5 
Lys T M  172.2 52.9 33.5 23.0 27.4 39.7 
Ile 152 172.6 57.4 39.4 25.0 11.7 15.6 
Va1153 173.0 59.6 31.1 18.3(0.87), l 7.9(0.95) 
Va115'* 174.1 57.6 29.4 18.6(0.71),18.2(0.44) 
Lys ~55 178.0 55.0 32.5 21,8 26.2 39.8 

Numbers in parentheses refer to the methyl proton chemical shifts belonging to the respective methyl carbons of Val and Leu residues. 

3.3. Estimation o f  secondary structure J?om chemical sh~?s 
Carbon  chemical  shifts can provide a fairly reliable indica tor  

of  secondary structure [21]. Especially useful in this regard are 
the backbone  chemical  shifts, ~3C~ and  ~3CO, with the ~3CP being 
a less reliable measure.  While in principle the 15N chemical  shift 
should also provide secondary s t ructure  informat ion,  in prac- 
tice the shift is highly sensitive to the hydrogen bonding  state 
of  the amide proton,  and  is therefore not  a very reliable indica- 

tor  of  secondary structure. The mos t  c o m m o n  method  of  ex- 
t ract ing secondary structure in format ion  f rom chemical  shift 
da ta  is to compare  the observed shifts with a set of  ' r a n d o m  
coil '  chemical shifts, thus ob ta in ing  a measure of  the per turba-  
t ion of  the shift by the presence of  the residue in a par icular  
secondary structure. It is found [22] tha t  the presence of  helix 
causes the 13CCe and 13C0 resonances to shift downfield f rom the 

r a n d o m  coil posi t ion and  the presence off l -s t ructure  causes an 

I I I i I I I I I I I i I 1 I 

5 

-5 

~" o =" I 

-5 
I I I I I 

0 1; 2; 310 4; 5; 6; 7; 8; 9; 100' 110 120 130 140 150 
i f  C I  I i I I I i I I i I I i I I I 

go 

-5 

0 0 0 40 0 0 70 80 90 100 110 120 130 140 150 
Residue No. 

Fig. 4. Plot of the difference between the ~3C chemical shifts observed for rusticyanin and random-coil shifts for (A) t3C~ (B) ~3C~ (C) L3CO. 
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Table 2 
~H resonance assignments for the proline residues in rusticyanin 

Proline C~H CPH C~H C~H 

Pro 13 4.20 1 .75 ,2 .30  2.17,1.99 4.03,3.88 
Pro 47 4.35 2.42,1.87 2.17,1.96 3.76,3.50 
Pro 5° 4 .41  1 .72 ,2 .30  2.09,1.96 3.95,3.57 
Pro 52 3 .41  1.73,-0.60 1.52 3.17,3.30 
Pro 6z 4.66 1 .73 ,1 .80  2.21,2.17 3.71,3.52 
Pro ~7 4.76 1 .78 ,2 .30  2.26,2.00 3.15,3.95 
Pro 9~ 2 .31  1 .40 ,0 .95  1 .45 ,1 .65  2.01,2.60 
Pro 95 3.90 2.20,1.85 1 .87 ,1 .77  3.28,3.38 
Pro I~ 4 .21  1.70,2.00 2.05 4.06,3.90 
Pro 1°4 4.49 1 .93 ,2 .30  1 .97 ,2 .15  3.61,3.55 
Pro H3 4.27 1.53,2.13 1.63 2.27,1.76 
Pro ll5 4.37 1.53,1.92 1.63 3.67,3.92 
Pro t29 3.71 -0.20,1.08 1 .27 ,0 .18  1.86,3.75 
Pro lal 4.59 1 .83 ,2 .13  2.13,2.18 3.47,4.05 

upfield shift. The effects on the C ~ chemical shifts are much 
weaker and are reversed in sense. The difference between the 
observed and random coil shifts (obtained from [22]) for the C a, 
C p and CO chemical shifts is shown in Fig. 4. It is immediately 
obvious that the resonances of the majority of the molecule 
show an upfield shift in the measured t3C~ and ~3CO chemical 
shifts, indicative offl-structure. Two major regions are excep- 
tions, between residues 11-20 and 138-143, which show a 
marked downfield shift, indicating the presence of two short 
stretches of helix. Several single residues throughout the chain 
show downfield shifts in both 13C~ and 13CO, probably indica- 
tive of turns between fl-strands. This estimation of the second- 
ary structure of rusticyanin is entirely consistent with previous 
estimates obtained from NOE information and coupling con- 
stants [5]. 

These results indicate that the global fold of rusticyanin re- 
sembles those of other Type 1 copper proteins, and probably 
consists of a fl-barrel or fl-sandwich with the copper site at one 
end, as has been proposed [5]. Work is continuing on this 
system to calculate high-resolution solution structures of the 
protein in order to answer the most interesting questions con- 
cerning the protein structure in the vicinity of the copper site 

and how this relates to the stability of the site at the low pH 
opt imum of rusticyanin. 
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